A sequential MC/TD-DFT study of the solvatochromic shift of the pyridinium-N-phenoxide betaine dye in water using standard and long-range corrected functionals  by Oliveira, Leonardo B.A. et al.
Chemical Physics Letters 514 (2011) 251–256Contents lists available at SciVerse ScienceDirect
Chemical Physics Letters
journal homepage: www.elsevier .com/ locate /cplet tA sequential MC/TD-DFT study of the solvatochromic shift
of the pyridinium-N-phenoxide betaine dye in water using standard
and long-range corrected functionals
Leonardo B.A. Oliveira a,1, Tertius L. Fonseca a,⇑, Kaline Coutinho b, Sylvio Canuto b
a Instituto de Física, Universidade Federal de Goiás, CP 131, 74001-970 Goiânia, GO, Brazil
b Instituto de Física, Universidade de São Paulo, CP 66318, 05314-970 São Paulo, SP, Brazil
a r t i c l e i n f o a b s t r a c tArticle history:
Received 19 July 2011
In ﬁnal form 19 August 2011
Available online 24 August 20110009-2614  2011 Elsevier B.V.
doi:10.1016/j.cplett.2011.08.056
⇑ Corresponding author. Fax: +55 62 3512 1014.
E-mail address: tertius@if.ufg.br (T.L. Fonseca).
1 Permanent address: CEPAE, Universidade Federal
Goiânia, GO, Brazil.
Open access under the ElSolvatochromic shifts of the p–p⁄ and n–p⁄ transitions for the pyridinium-N-phenoxide [2-(pyridinium-
1-yl)phenolate] betaine changing from vacuum to water, have been investigated using Monte Carlo sim-
ulations and time-dependent density functional theory schemes using standard and long-range corrected
functionals. The classical Boltzmann distribution of the interring twist angle obtained from the calculated
free energy agrees with a Car–Parrinello distribution. For the calculated spectral shifts BHandHLYP/6-
311+G(2d,p) performs better than the CAM-B3LYP/6-311+G(2d,p) or LC-xPBE/6-311+G(2d,p) model
but the experimental shift is very well reproduced only after the inclusion of solute polarization and
proper consideration of the twist geometry relaxation associated with the intramolecular charge transfer.
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The photophysics of the 2,6-diphenyl-4-(2,4,6-triphenylpyridi-
nium-1-yl)phenolate [Reichardt dye or ET(30)] has been a subject
of great interest because of the exceptional large solvatochromism
in the spectral region of the ultra-violet–visible (UV–Vis) in differ-
ent solvents [1–6]. ET(30) is a sensitive solvatochromic molecule
that can be used as a suitable spectroscopic probe to deﬁne a sol-
vent polarity scale [1]. In this betaine dye a marked change in the
dipole moment upon excitation makes the ground state more sol-
vated than the excited state, resulting in a large blue shift that in-
creases with increasing solvent polarity. Additionally, a great
variety of pyridinium-N-phenolate betaine dyes with marked spec-
tral properties have been synthesized by substitution of the
peripheral phenyl groups of ET(30) [7]. In particular, interesting
variants of ET(30) are the 2-(pyridinium-1-yl)phenolate (ortho-
betaine, OB) and the 4-(pyridinium-1-yl)phenolate (para-betaine,
PB) isomers. These betaine models possess a ground state charac-
terized by a large value of the dipole moment due to a charge sep-
aration in the nitrogen (positive) and oxygen (negative) atoms.
Experimental results of UV–Vis spectra of the OB and the PB in
solutions reported by González et al. [8] have shown that it exhib-
its very prominent transition energy shifts in 12 solvents of differ-
ent polarities, going from benzene (or toluene) to water. For OB, ade Goiás, CP 131, 74001-970
sevier OA license.large shift from benzene (kmax = 528 nm = 18 940 cm1 = 2.35 eV)
to water (kmax = 378 nm = 26 455 cm1 = 3.28 eV), has been mea-
sured to be ca. 0.93 eV. And also, an estimation of 18 509 ±
1266 cm1 = 2.29 ± 0.16 eV for the OB transition energy in vacuum
was made by linear regression of McRae equation, giving a vac-
uum–water shift of 7946 ± 1266 cm1 = 0.99 ± 0.16 eV. However,
it was found that the isomer PB is sparingly soluble in solvent of
low polarity [8]. For instance, it is not soluble in toluene, benzene,
chloroform, dichloromethane and acetone. Although there are
some theoretical results for PB in vacuum and in aqueous solution
[9], there are no measurements or estimative of its electronic
absorption transitions in low polarity solvents and in vacuum.
Thus, the theoretical study of the solvatochromism of the isomer
OB is more interesting due its interaction with a wide range of sol-
vent in different polarity and a better understanding of the transi-
tion shift of this betaine model in aqueous solution is of essential
importance to understand more complexes dyes.
In recent years there are some theoretical investigations on elec-
tronic transitions and structural changes of OB in water [10–13]. In
the ﬁrst theoretical work of OB [10], it was shown that in vacuum
this dye possesses a twisted ground-state geometry with a torsion
angle, u, between the phenoxide and the pyridinium rings around
30, but in aqueous solution this torsion angle increases to around
60. This conclusionwas based on the free energy proﬁle foru vary-
ing from 0 to 90with interval of 7.5 in classical Monte Carlo (MC)
simulations. This relaxation effect in geometry was associated with
an intramolecular charge redistribution that changes the dipole
moment, l, from ca. 7.1 D (in vacuum with u = 30) to ca. 8.2 D
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ering the explicit hydration effect and the unpolarized charge redis-
tribution of themost probable geometry of OB inwater (u = 60 and
l = 10.8 D), it was obtained a vacuum–water shift of 1026 ±
69 cm1 = 0.13 ± 0.01 eV for the p–p⁄ transition and 6060 ±
89 cm1 = 0.75 ± 0.01 eV for the n–p⁄ transition using the semiem-
pirical method ZINDO/CIS [10]. Later on, it was shown that another
important aspect for a better description of the solvatochromism of
the OB dye in water is the solute polarization due to the presence of
the solvent [12], which can be included in a precise way using an
iterative and sequential quantum mechanics/classical mechanics
(S-QM/MM) procedure [14]. This solute polarization in aqueous
solution increases the dipole moment of ca. 50% (from 8.2 to
12.3 D both values in geometry of OB with u = 60) and ca. 75%
compared with the vacuum situation (7.1 D in geometry of OB with
u = 30) obtained with MP2/cc-pVDZ [12]. Then using this classical
polarized model of OB in water (u = 60 and l = 12.3 D), it was ob-
tained a shift of 6360 ± 100 cm1 = 0.79 ± 0.01 eV for the n–p⁄ using
ZINDO/CIS [12]. In a subsequent work, Murugan and Ågren [13]
analyzed the ﬂexibility, the charge redistribution and the shift of
the n–p⁄ and p–p⁄ transitions of OB in vacuum and in aqueous solu-
tion using a Car–Parrinello mixed molecular mechanics (CP-QM/
MM) procedure combined with the semiempirical INDO/CIS meth-
od to calculate the transition energies. They found that the OB dye is
very ﬂexible with respect to the torsion angle between the phenox-
ide and the pyridinium rings presenting a twist amplitude of ±30
around 30 in vacuum and 55.6 in aqueous solution. These CP-
QM/MM calculations corroborate our previous result that the most
probable geometry of OB in vacuum is with the torsion angle in 30
and around 60 in water [10]. However, they stressed that the twist
amplitude is large and it can not be neglected. They estimated the
dipole moment of 6.2 D in vacuum and 13.3 D in water, compatible
with our previous values of 7.1 and 12.3 D, respectively with MP2/
ccp-VDZ [12]. They calculated the total charge on the rings and ob-
tained 0.53 and 0.73 e for the phenoxide ring in vacuum and in
water, respectively, in good concordance with our corresponding
values of 0.535 and 0.738 e. In addition, they obtained a shift
of 7448 cm1 = 0.92 eV for the p–p⁄ transition and 10 346 cm1 =
1.28 eV for the n–p⁄ transition that are in very good agreementwith
the experimental results of benzene–water shift as 0.93 eV for the
p–p⁄ transition or the estimated vacuum–water shift of
0.99 ± 0.16 eV [8]. Within this hybrid QM/MM framework, the
time-dependent density functional theory (TD-DFT) approach [15]
using long-range corrected (LR) functionals have been used in the
calculations of excitation energies, polarizabilities, and other prop-
erties [16–18].
To the best of our knowledge, there is one theoretical investiga-
tion [11] on the excitation energies of OB using the TD-DFT ap-
proach in conjunction with the standard B3LYP functional [19,20]
and the 6-311G(d) basis set that presents a calculated value of
0.17 eV for vacuum–water shift of the transitions energy and it is
in discrepancy with the experimental result [8].
In this Letter, we extend our previous calculations [10,12] of the
absorption spectra of OB inwater and its solvatochromic shift of the
p–p⁄ and n–p⁄ transitions compared to the vacuum situation using
TD-DFT schemes considering a classical model of the OB that in-
cludes the geometry relaxation, intramolecular charge transfer
and polarization due to the presence of the solvent. We also show
that the classical Boltzmann distribution for the torsion angleu ob-
tained from the calculated Helmholtz free energy is in agreement
with the previously obtained Car–Parrinello distribution [13]. We
investigate the performance of standard and LR functionals in pre-
dicting the charge-transfer excited states of OB in presence of water
molecules treated as point charges using sequentially MC simula-
tions and TD-DFT (S-MC/TD-DFT) calculations [21–23]. TD-DFT
schemeshavebeenwidelyused for evaluating excited state energiesbut the selection of exchange–correlation functional is a prerequi-
site to obtain reliable predictions of these electronic properties. It
is well known that standard functionals fail to describe charge-
transfer states because of the incorrect asymptotic behavior of the
exchange interaction [24,25]. Long-range corrected functionals,
suchasCAM-B3LYP (CAM-B3LYP:Coulomb-attenuatingmethodap-
plied to B3LYP) of Yanai et al. [26] and LC-xPBE (LC: long-range cor-
rection) of Vydrov et al. [27], improve this asymptotic behavior and
thus they may provide a reliable description of these electronic
states. Here, the average solvent electrostatic conﬁguration (ASEC)
procedure [28] has been used to obtain statistically converged re-
sults for the absorption spectra of the OB embedded in electrostatic
polarization ﬁeld of water molecules treated as point charges.
2. Calculation details
A sequential S-MC/TD-DFT methodology [21–23] has been ap-
plied to study the absorption spectra of hydrated OB. The MC sim-
ulations were carried out with the DICE program [29] using the
Metropolis sampling, for 1 OB and 900 water molecules, in the
canonical NVT ensemble in a cubic box with periodic boundary
conditions [30]. The intermolecular interaction is described by
the Lennard–Jones (LJ) plus Coulomb potential with 3 parameters
for each interacting site. For the water molecules, we have used
the simple point charges (SPC) model proposed by Berendsen
et al. [31]. For the solute, the LJ parameters were obtained combin-
ing the OPLS parameters of the phenol [32] and the pyridine [33] as
before [10,12]. The atomic charges used in the Coulomb potential
were obtained using the CHELPG electrostatic mapping [34] at
the second-order Møller–Plesset perturbation theory (MP2) level
with the cc-pVDZ basis set, as implemented in GAUSSIAN 03 program
[35]. In all simulations the thermalization stage comprises
2.7  107 MC steps and is followed by the average stage of
1.8  108 MC steps. A more detailed description of the simulation
procedure used here is given elsewhere [10,12].
The inclusion of polarization effects plays a central role in theo-
retical studies of solvent effects [36–38]. In a previouswork [12], we
have iteratively applied the S-MC/MP2 methodology and used the
ASEC to calculate the dipole moment of the conformer (with torsion
angle ofu = 60, see Table 1 of Ref. [12]) in the presence of thewater
molecules. It is found, for this polarized conformer in-solution, a di-
pole moment value of 12.3 D (obtained at the MP2/cc-pVDZ level of
theory) that is ca. 75% larger than the vacuum result [12]. Here, in
order to analyze the inﬂuence of the torsion angle on the in-solution
dipole moment, we have performed a series of MC simulation with
the conformers of OB in the rigid geometry but varying the torsion
angle from 0 to 90with interval of 7.5. The conformer geometries
used in MC simulations were obtained by previous optimization in
vacuum at the MP2/6-31G level of calculation [10]. The dipole mo-
ment of each conformationwere obtainedwithMP2/cc-pVDZ calcu-
lations on the ASEC bearing conformers of OB electrostatically
embedded in 320 water molecules of 100 uncorrelated conﬁgura-
tions (having less than 10% of statistical correlation), giving a total
of 96 000 point charges (= 3 atoms  320 molecules  100 conﬁgu-
rations). The statistically converged dipole moment values for the
OB conformers are reached in ﬁve iterations, similar to the iterative
process reported in Ref. [12].
The most important geometry relaxation of OB in water is the
torsion angle. The Helmholtz free energy (DG) calculations re-
ported in a previous work [10] have shown that the most stable an-
gle u for the unpolarized model of the OB in water is 60. An
important point is whether the solute polarization effect will
change the result for the stability of the torsion angle. Following
a previous work, we have applied the free energy perturbation
(FEP) [39–41] as implemented in the DICE program [29] to calcu-
late the DG for the polarized model of OB in aqueous solution as
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ters, except the solute atomic charges, used for DG calculations
were those already reported in a previous work [10].
The excitation energies were obtained using the TD-DFT [15]
with several different exchange–correlation functionals. We have
used three standard functionals: B3LYP [19,20], PBE1PBE [42]
and BHandHLYP [43]. These standard functionals have percentages
of Hartree–Fock exchange that amounts to 20%, 25%, and 50%,
respectively. Additionally, we used two LR functionals: the CAM-
B3LYP [26], and the LC-xPBE [27]. In these two latter functionals
the asymptotic behavior of the exchange interaction is improved
partitioning it into short- and long-range components. We have
used in all TD-DFT calculations the 6-311+G(2d,p) basis set that
provides converged electronic transition results for a number of
solvated organic molecules [44,45]. Also, the OB was embedded
in the electrostatic ﬁeld of the aqueous environment through the
ASEC with 96 000 point charges. All TD-DFT calculations were
made using the GAUSSIAN 03 program [35], except for the LR–TD-
DFT calculations that were carried out with the GAUSSIAN 09 [46].
3. Results and discussion
The dipole moments of the OB in vacuum and in aqueous solu-
tion are obtained with MP2/cc-pVDZ calculations. The calculated
values are shown in Figure 1. As it can be seen, in vacuum the
intramolecular charge transfer between the phenoxide and pyridi-
nium rings is very sensitive to the twist motion between them and
the dipole moment can increase up to ca. 40% (from 6.6 D in u = 0
to 9.2 D in u = 82.5). The dipole moment of OB in vacuum for the
conformers with u = 30 and 60 are 7.1 and 8.2 D, respectively.
However, in aqueous solution, the dipole moment is much large
(12 D) but less sensitive to the twist motion between the rings.
It increases only ca. 7% (from 11.6 D u = 0 to 12.4 D u = 67.5).
The dipole moment of polarized OB in water for the conformers
with u = 30 and 60 are 11.7 and 12.2 D, respectively. For compar-
ison, the polarized dipole moment values calculated with the
polarized continuummodel (PCM) [47], as implemented in GAUSSIAN
03 program, are 11.0 and 11.6 D for u = 30 and 60, respectively,
using the same level of theory. These values also present a small
increase of ca. 5%.
Using the atomic charges set for each torsion angleu that repre-
sents the polarizedOB inwater, theDG(u) proﬁlewas obtained. TheFigure 1. Dipole moment (in D) of OB in vacuum (open circle) and in aqueous
solution (ﬁlled square) as a function of the torsion angle u between the phenoxide
and pyridinium rings using MP2/cc-pVDZ level of calculation.calculated values are shown in Figure 2. For comparison we also
present the vacuum proﬁle obtained with MP2/cc-pVDZ model
and the aqueous solution proﬁle obtained with the unpolarized
model of OB previously calculated in Ref. [10]. As it can be seen,
theDG proﬁles for the angleu of OB inwater are similar considering
the classical unpolarized and polarized models of OB. Probably the
gain of energy in the dipole–dipole solute–solvent (OB–water)
interaction is lost in the solvent–solvent (water–water) reorganiza-
tion around the solute (OB). The most important difference appears
for torsion angles larger than 60. While the unpolarized OB pre-
sents a ﬂatDG proﬁle between 60 and 90 (with a difference smal-
ler than 0.5 kcal/mol), the polarized OB presents a most stable
conformer in 60 and an increasing barrier with a maximum at
90 (now the DG barrier between 60 and 90 is ca. 2.7 kcal/mol).
These results are in very good agreement with CP-QM/MM calcula-
tions (see Fig. 3 of Ref. [13]), where the probability distribution of
the torsion angle of OB in water presents two maxima, around 60
and 120, and a minimum in 90. Thus, the Car–Parrinello distribu-
tion conﬁrms the existence of a free energy barrier in 90. Note that,
the inclusion of the polarization effect of OB in water does not
change the previous conclusion that the most stable conformation
of OB in water is withu = 60. The question of the amplitude of val-
ues obtained for the angleu can also be addressed from the classical
simulation. The probability of the conformation for a speciﬁc torsion
angle ui, can be obtained from the normalized Boltzmann
distribution:
PðuiÞ ¼
expðGðuiÞ=kTÞP
i expðGðuiÞ=kTÞ
¼ expðGðuiÞ=kTÞ
Z
;
where G(ui) is the relative free energy for the angle ui, with
G(0) = 0, kT is the thermal energy and Z is the normalization con-
stant obtained by the sum over all used ui. These two normalized
distributions for torsion angle of OB in vacuum and in water are
shown in the insert of Figure 2. Comparing these distributions with
the obtained with CP-QM/MM simulations [13], it is noted an excel-
lent agreement. The amplitude is around ±30 with a maximum in
30 for OB in vacuum and in 55 for the OB in water.
All TD-DFT calculations performed here predict the ﬁrst excited
state as an intense p–p⁄ transition, responsible by the optical prop-
erties of this compound, and the second excited state as aweak n–p⁄Figure 2. Relative Helmholtz free energy DG as a function of the torsion angle u
between the phenoxide and pyridinium rings using MP2/cc-pVDZ level of calcu-
lation for the vacuum situation and free energy perturbation for the classical
unpolarized and polarized models of OB in water. It is shown in the insert the
normalized Boltzmann distribution of the torsion angle of OB in vacuum and in
polarized OB in water.
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is the TD-BHandHLYP results that predict the n–p⁄ transition as
third and ﬁfth transitions in vacuum and in water, respectively.
Also, all TD-DFT calculations indicate that the p–p⁄ state originates
mainly from a HOMO? LUMO excitation whereas the n-p⁄ state
corresponds to HOMO-1? LUMO excitation, except for the TD-
BHandHLYP calculations that give the n–p⁄ state consisting of about
equal contributions of HOMO-1? LUMO and HOMO-2? LUMO
excitations. The shapes of the frontier orbitals involved in the low-
est-lyingp–p⁄ transition are illustrated in Figure 3. One can see that
the HOMO orbital is delocalized over the phenoxide ring and that
upon excitation, the shape of the LUMO orbital corresponds to an
intramolecular charge transfer from phenoxide donor ring to the
pyridinium acceptor ring. This description of the frontier HOMO
and LUMO molecular orbitals is in agreement with the results ob-
tained with CASSCF level for the PB isomer in water [9].
TD-DFT absorption energy results for the p–p⁄ and n–p⁄ transi-
tions obtained with the standard and LR functionals using the
6-311+G(2d,p) basis set in vacuum and in water solution are pre-
sented in Table 1. In vacuum (u = 30), the B3LYP and (PBE1PBE) re-
sults give the ﬁrst transition with energies of 2.02 and (2.11 eV).
Thus, both the TD-DFT models predict for the p–p⁄ transition
underestimated energy values compared with the experimental re-
sult of 2.35 eV in benzene and 2.29 ± 0.16 eV in vacuum [8]. The
CAM-B3LYP gives an absorption energy of 2.38 eV for the intense
p–p⁄ transition in very good agreement with the experiment, in
analogy with other studies [17,48]. The LC-xPBE gives an overesti-
mated result of 2.69 eV. It should be stressed that the BHandHLYP
result obtained for the p–p⁄ transition is 2.46 eV slightly larger than
the corresponding experimental one. All TD-DFT calculations show
that the n–p⁄ transition takes place at higher energy region of 2.58–
3.66 eV, in comparisonwith the experimental result [8]. In vacuum,
the largest energy value predicted by the BHandHLYP functional forFigure 3. The frontier molecular orbitals of OB in water indicating the charge
transfer excitation of the p–p⁄ transition from the phenoxide ring to pyridinium
ring.the n–p⁄ transition is related to a reversal of the relative location of
the lowest-lying excited states and the n–p⁄ transition is predicted
to be the third transition.
Now, we compare our TD-DFT results for the p–p⁄ and n–p⁄
transitions in liquid phase with the available experimental data
(see Table 1). We have considered both the unpolarized and polar-
ized situations in order to estimate the inﬂuence of polarization ef-
fects on the absorption spectra of OB in aqueous solution. Each
result obtained in solution represents a statically converged result
obtained with the ASEC procedure. In aqueous solution (u = 60),
the B3LYP value of the p–p⁄ transition energy for the polarized
(unpolarized) OB is of 2.55 eV (2.13 eV). The corresponding energy
result obtained using PBE1PBE is of 2.46 eV (2.10 eV). In compari-
son with the experimental result of 3.28 eV in water [8], these
standard functionals predict for p–p⁄ transition underestimated
energy values. Thus these standard functionals provide for the
polarized OB excitation energies only qualitative accord with the
experiment. These ﬁndings are in line with a previous study of Car-
icato et al. [11] for the p–p⁄ excited state of OB in water using a TD-
DFT method in combination with the PCM. For comparison the
PCM-TD-B3LYP/6-311+G(d) model gives for the most stable con-
former an energy value of 2.25 eV. As expected, the CAM-B3LYP
functional performs better than B3LYP giving an absorption energy
of 2.96 eV for the intense p–p⁄ transition but that is still smaller
than the corresponding experimental 3.28 eV. In contrast, the LC-
xPBE functional gives an overestimated value of 3.45 eV. This later
result is in better agreement with the experiment. But differently
of their standard congeners, the experimental value of the excita-
tion energy is well reproduced by the BHandHLYP model after
the inclusion of the polarization effect. For the polarized OB, the
BHandHLYP result obtained for the p–p⁄ transition is of 3.36 eV,
being only 0.08 eV larger than the corresponding experimental
one. Note that the unpolarized results predicted for the p–p⁄ tran-
sition is somewhat too small (see Table 1), indicating that the sol-
ute polarization effects are thus very important for the reliable
description of this excitation energy as already shown by other
molecular systems [49,50]. With the exception of the PBE1PBE
functional, all TD-DFT calculations show that the energies of the
n–p⁄ transition of polarized OB takes place in the higher energy re-
gion of 3.72–5.07 eV, beyond the experimental report [8]. This
indicates that the n–p⁄ transition is also subjected to a large spec-
tral shift but was undetected experimentally, where the large re-
ported shift is due to the p–p⁄ transition.
We discuss the TD-DFT solvatochromic shift of the p–p⁄ and n–
p⁄ transitions in changing from vacuum to water. The solvation
shift includes both the geometry relaxation and polarization of
the solute due to the solvent. Experimentally, the vacuum UV/Vis
absorption spectrum of OB has an estimated value at 2.29 ±
0.16 eV, which is blue-shifted in aqueous solution to 3.28 eV [8].
Hence a very large experimental solvatochromic shift of
0.99 ± 0.16 eV is observed. In Table 1, the B3LYP (PBE1PBE) func-
tional predicts for the p–p⁄ transition energy an expected substan-
tial blue shift estimated in 0.53 (0.35 eV) but it is very small when
compared with the experimental shift. The CAM-B3LYP functional
gives a blue shift of 0.58 eV, that is slightly larger than that ob-
tained with the B3LYP. The LC-xPBE functional predicts a better
solvation shift of 0.75 eV for the p–p⁄ transition. It is interesting
to note that the agreement with experiment is further improved
with the BHandHLYP functional. This latter functional performs
better than CAM-B3LYP and LC-xPBE, and provides a solvatochro-
mic shift of 0.90 eV for the p–p⁄ transition of polarized OB. For
comparison the polarization effects provide a signiﬁcant increase
in the solvation shift of 0.42, 0.36, 0.48, 0.40 and 0.38 eV for
B3LYP, PBE1PBE, BHandHLYP, CAM-B3LYP and LC-xPBE, respec-
tively. It is noted that the calculations also indicate a large solva-
tion blue shift for the n–p⁄ transition, with similar charge
Table 1
Excitation energies (in eV) for the p–p⁄ and n–p⁄ of the OB in vacuum and in aqueous solution. The vacuum–water shifts are also shown in parenthesis. All results were obtained
using the 6-311+G(2d,p) basis set.
Vacuum (u = 30) In water (u = 60)
Unpolarized Polarized
p–p⁄ n–p⁄ p–p⁄ n–p⁄ p–p⁄ n–p⁄
B3LYP 2.02 2.58 2.13 (0.11) 3.10 (0.52) 2.55 (0.53) 3.72 (1.14)
PBE1PBE 2.11 2.71 2.10 (0.01) 2.78 (0.07) 2.46 (0.35) 3.13 (0.42)
BHandHLYP 2.46 3.62 2.88 (0.42) 4.50 (0.88) 3.36 (0.90) 5.07 (1.45)
CAM-B3LYP 2.38 3.21 2.56 (0.18) 3.46 (0.25) 2.96 (0.58) 3.84 (0.63)
LC-xPBE 2.69 3.66 3.07 (0.38) 4.07 (0.41) 3.45 (0.76) 4.41 (0.75)
Exp.a 2.35 in benzene 3.28 (0.93)
2.29 ± 0.16 in vacuum 3.28 (0.99 ± 0.16)
a Experimental absorptions (in eV) from Ref. [8].
Table 2
Excitation energies and the vacuum–water shifts (in eV) for the p–p⁄ transition of the OB as function of the torsion angle umost probable. All results were obtained using the 6-
311+G(2d,p) basis set. The vacuum–water shifts were calculated in relation to the most probable vacuum transition energies of 2.02 ± 0.17 eV and 2.46 ± 0.14 eV obtained with
B3LYP and BHandHLYP, respectively. Here, the deviations represent the changes in the transition energy due to the twist motion between the rings in vacuum.
u () Vacuum In water Vacuum–water shift
B3LYP BHandHLYP B3LYP BHandHLYP B3LYP BHandHLYP
15.0 2.17 2.56
22.5 2.09 2.51
30.0 2.02 2.46
37.5 1.94 2.39
45.0 1.84 2.31 2.59 3.28 0.57 ± 0.17 0.82 ± 0.14
52.5 2.57 3.33 0.55 ± 0.17 0.87 ± 0.14
60.0 2.54 3.36 0.52 ± 0.17 0.90 ± 0.14
67.5 2.48 3.37 0.46 ± 0.17 0.91 ± 0.14
75.0 2.43 3.36 0.41 ± 0.17 0.91 ± 0.14
82.5 2.45 3.44 0.43 ± 0.17 0.98 ± 0.14
Exp.a 2.35 in benzene 3.28 0.93
2.29 ± 0.16 in vacuum 0.99 ± 0.16
a Experimental absorptions (in eV) from Ref. [8].
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1.45 eV. But because of its low intensity this n–p⁄ transition is
more difﬁcult to be seen in the experiments.
We have also analyzed the inﬂuence of the water-induced geo-
metrical changes on the solvatochromic shift of the p–p⁄ transition
in water. Table 2 presents BHandHLYP and B3LYP results for the
solvation shifts obtained for OB conformations varying the torsion
angle within the most probable region of the twist motion between
the rings presented in the insert of Figure 2, i.e. in-vacuum from
15 to 45 and in-water from 45 to 82.5. It found that the impact
of the increase of the torsion angle is more relevant on the transi-
tion energies obtained in vacuum than in water. For torsion angles
with values between 15 and 45, the vacuum BHandHLYP (B3LYP)
results give the p–p⁄ transition in the energy region of 2.56–
2.31 eV (2.17–1.84 eV). This leads to the most probable transition
of 2.46 eV (2.02 eV) with variation of ±0.14 eV (±0.17 eV). In water
for the torsion angle with values between 45 and 82.5 the corre-
sponding energy region is of 3.28–3.44 eV (2.59–2.45 eV). This
leads to the most probable transition of 3.36 eV (2.55 eV) with var-
iation of ±0.06 eV (±0.07 eV). Thus, an interesting aspect of the
BHandHLYP results shown in Table 2 is that the large solvation
shifts of OB in water show a relatively small dependence with
the torsion angle suggesting that the rigid-body approximation
for the OB molecules, as used in Ref. [12], is appropriate to describe
the most probable shift of 0.90 eV with TD-BHandHLYP/6-
311+G(2d,p) in comparison with the maximum energy transition
shift measured as 0.93 eV for benzene–water and estimated as
0.99 ± 0.16 eV for vacuum–water [8]. But of course, it is not suit-
able to describe the spectral broadening associated to the ﬂuctua-tions around the most probable value of the twist angle and some
other possible contributions related to the internal relaxation that
we are not considering.4. Conclusion
Using MC simulations and TD-DFT calculations we have pre-
sented a study of the excitation energies of the ortho-betaine in
vacuum and water. We address the distribution of the interring
twist angle in water and we reproduce a Car–Parrinello distribu-
tion using a classical Boltzmann approach from the Helmholtz free
energy calculations. We compared results for the spectral shift ob-
tained on statistically uncorrelated conﬁgurations with classical
unpolarized and polarized models of OB using long-range cor-
rected functionals (CAM-B3LYP and LC-xPBE) and with standard
ones (B3LYP, PBE1PBE, and BHandHLYP). All TD-DFT calculations
give the p–p⁄ transition as the responsible by the optical proper-
ties of OB, but a large solvatochromic shift is also calculated for
the n–p⁄ transition. It is found that the overall performance of
the BHandHLYP is better than the CAM-B3LYP or LC-xPBE in pre-
dicting the experimental solvation shift of the ortho-betaine in
water. For the classical polarized model of the OB, the BHandH-
LYP/6-311+G(2d,p) model gives a solvatochromic shift of 0.90 eV,
in good agreement with the experimental results of 0.93 eV for
benzene–water and 0.99 ± 0.16 eV for vacuum–water, whereas
the CAM-B3LYP and LC-xPBE models with 6-311+G(2d,p) basis
set provide underestimated solvation shifts of 0.58 and 0.76 eV,
respectively.
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